The evaluation of a tailings pond seepage collection system was performed at an active oil sands mining site. A network of piezometers and drive points were installed in a 1 km 2 area to facilitate hydraulic measurements and water sampling to characterize the surface water and groundwater flow system. Chemical tracers suggest migration of process affected water in a shallow, permeable sand deposit beyond an inner seepage collection ditch, but elevated hydraulic heads beyond the outer ditch have prevented further migration. Under the present hydraulic conditions the seepage collection system is currently working to effectively contain process affected water. 
INTRODUCTION
Disposal of oil sands tailings in ponds is a common method used by oil sands operators to manage the large volume of tailings generated from oil sands mining. These tailings ponds are usually enclosed by a permeable tailings dyke and a perimeter ditch that is designed to intercept process affected seepage water. In most cases the perimeter seepage ditch represents the last barrier to prevent off-site migration of process affected water (PAW). Mackinnon et al. (2005) reported on the migration of PAW down-gradient of the dyke at the Mildred Lake Settling Basin at the Syncrude mine. The seepage collection ditch at this facility was installed in permeable sand parallel with the toe-berm. Water samples collected at several locations along the potential migration path were used to demonstrate that PAW had reached a nearby creek.
Although the PAW was eventually attenuated within a few kilometers downstream in the creek due to baseflow dilution, field evidence suggests that the PAW apparently bypassed the seepage collection ditch and migrated through the shallow sand aquifer and discharged into the creek.
The study discussed in this paper considered a large tailings pond with a 11 km-long ring dyke that contains process affected water and tailings at the Albian Sands Energy Inc. (ASE) Muskeg River Mine. The dyke was constructed of permeable tailings sand and therefore it is equipped with seepage collection ditches that are designed to collect water from drains in the dyke and intercept seepage water.
The effectiveness of this seepage collection system was examined at the downgradient end of the tailings pond/dyke system using a focussed field investigation supported by groundwater flow modelling.
STUDY AREA
The Muskeg River Mine is situated 75 km north of Fort McMurray, in northern Alberta. The northern part of the mine is dedicated to open pit mining and the tailings pond is located in the south of the mine near the confluence of the Athabasca River and the Muskeg River. This research project focuses on a relatively small 1 km 2 area as shown in Figure 1 on the southern edge of the tailings pond (Study Area), and an area located on the south-east edge of the tailings pond (~1 km to the east of the Study Area) where the stratigraphy suggests that the potential for groundwater impact is lower (Control Site). The average annual precipitation is 443 mm with most of this occurring during June to August. The annual average daily temperature is 0.7 o C.
The Study Area is bounded by a large tailings dyke to the north and a perimeter road (non-paved) to the south. These two features are topographically high and the area between them is low-lying due to the removal of topsoil and sand during dyke construction. As a result, there are some heaps of soil to the north and east, and a wet area in the middle where ponded water is present during spring-melt and precipitation events (see Figure 1) . The original stratigraphy of the Study Area is compiled in Table 1 based on information obtained from mining personnel and field observations. The peat and pf-sand layers are absent at the Control Site, and the McMurray Formation with a thin layer of glacial deposit is present at ground surface.
Dyke Structure and Hydraulic System
Talings dykes are usually made of the tailings sand produced as a result of bitumen extraction and are normally constructed on the original ground surface. The base of a dyke, commonly called "an overburden starter dyke", is constructed with relatively impermeable materials such as lean oil sand (LOS). The dyke is usually raised and expanded as the water level in the pond rises using coarse tailings sand. This sequential staged construction or dyke expansion method can follow either an upstream, downstream or centerline approach.
Since a tailings dyke is a permeable structure, an internal drain system is installed to remove excess pore water in the dyke body. The drained water is then collected by a ditch that runs along the perimeter of the dyke. The water then flows in the ditch to a seepage pond and is eventually pumped back to the tailings pond. The ditch also serves to intercept seepage of shallow groundwater.
This combination of a permeable dyke, drains and a perimeter ditch is the system typically used in the oil sands mining industry to manage tailings water seepage. The primary design purpose of such a dyke is to avoid catastrophic failure of the dyke while minimizing construction cost. No additional effort beyond groundwater monitoring is made to ensure that PAW seepage into the surrounding environment does not occur. At this point in time there appears to be no standardized guidelines for ditch construction, likely reflecting the variety of specific site conditions encountered in the oil sands mining region.
At this mine site the tailings pond is bordered by a 11 kmlong dyke which is nearly 200 m wide at the base and over 20 m high. At the time of this study the top elevation was 303 m above mean sea level (amsl). The base of the dyke (overburden starter dyke) was constructed from LOS placed in areas where the native top soil was removed prior to construction. The upper portions of the dyke were constructed using tailings sand. Tailings sands are made up of a mixture of sand, clay and fine silts, and water that contains dissolved salts and some hydrocarbons. Tailings are hydraulically discharged with pumps and pipelines into the tailings pond where they are allowed to settle. However, during dyke building the tailings are placed on the existing dyke and hence this process inevitably introduces PAW into the area surrounding the dykes because the water contained in the tailings eventually drains out of the dykes. This PAW introduced by dyke construction is called "construction water" as opposed to "tailings water" that seeps from the tailings pond. Table 1 . General stratigraphy in Study Area.
The dyke has two internal drainage systems at an elevation of about 291 and 300 amsl made of perforated collector pipe placed in a bed of gravel and sand. Two perimeter ditches were installed on the south side (downgradient) of the tailings pond ( Figure 1 ). The Inner Ditch is an unlined temporary structure while the Outer Ditch is lined and permanent ( Figure 2) . A seepage pond is located about 500 m to the east of the Study Area to store water from the ditches. 
Methods
To evaluate the performance of the seepage collection ditch system to contain PAW in the Study Area, instrumentation was installed to collecte data to quantify the flow system and groundwater chemistry. Specifically, hydraulic head and flow measurements were used to provide basic data for the interpretation of the hydraulic system of the Study Area, and groundwater and surface water samples were collected to develop an understanding of PAW impacts down-gradient of the tailings pond.
In the Study Area, 18 piezometers were installed on both banks of the two ditches, and in the area between the ditches along a transect coincident with the inferred general groundwater flow direction (see Figure 1 ). At the Control Site two piezometers were also installed on both banks of the Outer Ditch. A truck-mounted rig with a 15.2 cm (6-inch) solid stem auger was employed. The depth of the sand aquifer was first confirmed by exploratory drilling and then piezometers were placed in each borehole. At locations where a sufficient layer of pf-sand was encountered, a cluster of piezometers was installed to assess potential vertical variation of groundwater hydraulic head and chemistry.
Three piezometers designed to screen the bottom, middle, and top portions of the pf-sand layer were placed about 1 m apart. The screened section was packed with in situ sand (naturally developed) and a swelling bentonite packer was placed directly above the screen to seal the borehole annulus. A 1.9 cm (3/4 inch)-diameter PVC casing was extended to about 80 cm above the ground surface. A steel protective housing was installed over each piezometer.
To record long-term fluctuations of water level and temperature a pressure transducer was placed in piezometer OuD-S2W at the Study Area (Figure 1 ) and in piezometer CNT-E2 at the Control Site. In piezometer OuD-S2C a pressure-transducer with an electric conductivity probe was installed to continuously measure conductivity in addition to water pressure and temperature. A barometric logger was also installed in piezometer OuD-S2C. Each instrument was placed at around 50 cm below the static water level observed in October 2004 which was assumed to be the annual lowest level. Since the instruments directly measure the absolute pressure head of the water, the barometric logger was used concurrently to correct these measurements for barometric variations.
Drive points were installed in both the Inner and Outer Ditches in the Study Area, and in the Outer Ditch at the Control Site. A plastic sampling tube was attached to the inner pipe of the drive point, and a 1.9 cm diameter steel extension pipe was screwed onto the drive point over the plastic tube. The drive points were installed manually by hammering them between 0.5 to 1 m into the ground.
Water samples were collected from the piezometers and drive points over the course of 4 sampling episodes spanning ~20 months.
Water samples were also collected from the Inner and Outer Ditches just upstream OttawaGeo2007/OttawaGéo2007 of the drive points, the tailings pond (close to the southern edge of the pond), and at the outlet of the feed pipe from the plant. In general, water samples were analysed for major inorganic ions and total naphthenic acids (NA). Water samples from selected piezometers were analyzed for stable isotope ( 18 O and 2 H), and for both total NA and detailed NA characterization.
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RESULTS AND DISCUSSION
Groundwater Flow System
Based on field observations the inferred local horizontal groundwater flow direction in the Study Area is generally to the south (away from the dyke) and thus water seeping from the dyke and ditches may impact groundwater to the south. Figure 4 shows the spatial variation of major chemical parameters along the sampling transect. For locations where a piezometer cluster is present the concentration shown is the average concentration observed at the three piezometers in the cluster. The tailings water is characterized by high concentrations of Na + and Cl -, a high pH value and, low SO4 2-and Ca 2+ concentrations. The outtake drain-pipe water has a very similar chemistry to that of the water in the Inner Ditch with only slightly higher concentrations of most ions. When these values are compared to those of the groundwater from InD-N and InD-S, they are also relatively similar to each other except that the outtake drain-pipe water has higher concentrations of SO4 The chemistry of the surface water sample from the ponded water in which BtD-S is located was compared to the chemistry of the groundwater from BtD-S. The two water samples show a very similar inorganic chemical composition suggesting that this surface water is receiving discharged groundwater.
Inorganic Ions
Overall, the chemical evolution trend along the transect from the north (tailings pond) to the south (outer ditch) is characterized by an increase in the concentrations of SO4 2-and Ca 2+ and a decrease in pH, and the concentrations of Na + and Cl -ions. 
Naphthenic Acids
Naphthenic acids are a highly soluble group of organic acids and elevated concentrations in combination with salt in PAW have a negative effect on aquatic life (Leung et al. 2003) . The spatial distribution of total NA concentration along the north-south sampling transect is shown in Figure 4(d) . A similar trend to the Na + and Cl -ions is evident, and also a decrease in concentration occurs in the Wet Area between BtD-N and OuD-N. However, unlike the inorganic chemistry profiles no advance of the NAs was recognized over the ~20 month observational period of this study.
The water from the dyke outtake drain-pipe has the same concentration of NAs (11.6 mg/L) as the water in the Inner Ditch while water in the tailings pond has a concentration of 28.2 mg/L. This suggests that the concentration of NAs decrease during seepage through the dyke similar to the Na + and Cl -ions. The groundwater from the piezometers on both sides of the Inner Ditch show elevated but variable NAs concentrations. The surface water and groundwater samples at BtD-S have similar NA concentrations analogous to the inorganic chemistry observation. The water sample from the Control Site has a NA concentration of 4.4 mg/L which is considered to represent the maximum contribution from the lean oil sands of the McMurray formation and is deemed to be the background concentration.
Naphthenic acids are a diverse group of carboxylic acids and are classified into several groups in terms of there "z" value which is related to the number of carbon rings in a molecule, and the "n" value which is the carbon number of the molecule and is thus proportional to the molecular mass. Clemente et al. (2004) reported that NAs can biodegrade under aerobic conditions and the rate of degradation is higher for lower molecular weight molecules having lower "n" values.
Thus the characterization and comparison of NAs based on "z" and "n" values is expected to provide some information on the attenuation and fate of these chemicals in PAW.
NAs from three groundwater samples and two ditch water samples obtained along the north-south transect, and one tailings water sample were analyzed for detailed NA composition. The results indicate that all the samples have a similar distribution of species. The general distribution pattern is different from the one reported by Gervais (2004) who analyzed naturally occurring groundwater from the McMurray formation to the north east of the mine site. In spite of the general similarity in the NA distribution pattern for all the samples, the sample from OuD-N had a noticeably lower proportion of NA species with an n value of 10 to 13 and slightly higher proportion of species with an n value of 15 or larger compared to the other samples analysed. Gervais (2004) pointed out that biodegradation of NA is characterized by a decrease in species with an n value less than 15 based on laboratory experiments using NA samples from the Athabasca oil sand mines. Unfortunately OuD-N had the lowest total NA concentration of 2.6 mg/L which makes characterization of this sample less reliable. Thus, the 
Stable Isotopes
To also track the PAW we employed stable isotopes of hydrogen and oxygen as conservative chemical species.
The mixture of water and oil sand is heated to around 90 o C and some evaporation occurs from the ponds and sand placement on dykes, which changes the isotopic ratio of the water. Thus some degree of stable isotopic change or fractionation is expected to occur during the extraction and disposal process. This effectively labels the PAW isotopically, and such water can be distinguished from groundwater derived by normal recharge of precipitation.
Twelve samples including tailings water and ditch water were analyzed and the results are presented in Figure 5 as the isotopic value of hydrogen versus oxygen using the delta (δ) notation. More negative delta values indicate relative depletion in the heavy isotopes ( 18 O or 2 H). Local precipitation commonly falls on the local meteoric water line (LMWL). Gervais (2004) 
SUMMARY
The PAW can be characterized by higher concentrations of Na + and Cl -ions and lower concentrations of SO4 2-and Ca 2+ ions compared with the natural groundwater. These characteristics of the PAW also correspond with a high concentration of NA and larger δ (delta) values of hydrogen and oxygen stable isotopes. PAW was tracked using these tracers and was found in the Inner and Outer Ditches, and groundwater to the north of OuD-N. Along the north-south sampling transect, concentration changes of these parameters occur within the dyke, and between OuD-N and BtD-S in the Wet Area. Detailed NA analysis indicates that these changes are likely attributed to sorption and mixing with unaffected water rather than by biodegradation.
The chemistry of groundwater samples suggests that tailings water is also found in groundwater immediately up-gradient of the Inner Ditch. Since groundwater essentially flows towards the south with a sufficient gradient the ditch water will not effectively influence the north side of the Inner Ditch. The part of the dyke dewatered by the internal drain system is considered hydraulically separated from the pf-sand layer by the practically impermeable starter dyke. Thus the drainage water is not expected to impact groundwater underneath the starter dyke either. This suggests that there is a separate seepage flow pathway that originates from underneath the tailings pond (Flow Component 2 in Figure 3 ).
The bottom of the Inner Ditch is covered with a thin layer of fine sediment, otherwise, pf-sand is exposed on the bottom and sides of the Inner Ditch. Thus, ditch water has the potential to seep into the pf-sand and vice versa depending on the hydraulic head difference. The similarity of chemical characteristics of waters in the drive point, surrounding piezometers, and the Inner Ditch, particularly in terms of the key tracers (Na + , Cl -, pH and EC) also supports this ditch water -groundwater interaction. The water in the drive point is closer to ditch water than to the groundwater, in terms of SO4 2-, and Mg 2+ concentrations. Thus, it is likely that the groundwater immediately under the Inner Ditch is derived, in part, from the ditch. The companion groundwater modeling effort (not described here due to space limitations) suggests that even with no hydraulic head difference there is a possibility of some exchange of the waters through the bottom of the ditch. The modeling results also indicate that groundwater takes about 35 days to migrate across the Inner Ditch and an additional 320 days to discharge into the Wet Area to the south of BtD-N so it is not surprising that PAW is present in the Wet Area.
Given that the bottom and sides of the Outer Ditch are lined with low permeability oil sand it is likely that no significant seepage will occur as observed at the Inner Ditch. This is supported by the fact that the chemistry of the water in the ditch and the surrounding groundwater are quite different.
Field observations (pond water flowing into the ditch) and higher hydraulic heads on the south side of the ditch both indicate that the groundwater is moving under the Outer Ditch from the south with little interaction with the ditch water. This interpretation was recreated with the groundwater flow model which suggested that there is a significant groundwater flow of up to 0.34 m 3 /day/m under the ditch towards the Wet Area (Flow Pathway No. 4).
In summary, the ditches in the Study Area appear to be effectively collecting groundwater seepage and water from the drain-pipes, and transmitting this water to the seepage pond. The mass loading of PAW to the environment is likely negligible; however, this is mainly a result of the elevated hydraulic head on the south of the Outer Ditch which causes an inward hydraulic gradient. If hydraulic conditions change in the dyke and Wet Area, the presence of pf-sand under both ditches may allow process-affected groundwater to migrate outside of this barrier system. This possibility must be considered as dyke construction proceeds.
The PAW in the tailings pond has a different chemistry from the natural groundwater and is best characterized by elevated NAs (over 5 mg/L), Na + (over 20 mg/L) and Cl -(over 5 mg/L) concentrations, and by hydrogen and oxygen isotopic signature (over -140 and -17 ‰ respectively). These parameters can therefore be used in the future to effectively track PAW.
